£\ NIH Public Access 

Author Manuscript 

Mol Ther Methods Clin Dev. Author manuscript; available in PMC 2014 July 25. 



Published in final edited form as: 
Mol Ther Methods Clin Dev. 2014 February 5; 1: . doi:10.1038/mtm.2013.10. 



Marmosets as a preclinical model for testing "off-label" use of 
doxycycline to turn on Flt3L expression from high-capacity 
adenovirus vectors 

Nathan VanderVeen 1 ' 2 , Christopher Paran 1 ' 2 , Ashley Appelhans 1,2 , Johnny 
Krasinkiewicz 1,2 , Rosemary Lemons 1,2 , Henry Appelman 3 , Robert Doherty 1,2 , Donna 
Palmer 4 , Philip Ng 4 , Pedro R Lowenstein 1 ' 2 , and Maria G Castro 1,2 

department of Neurosurgery, The University of Michigan School of Medicine, Ann Arbor, 
Michigan, USA 

department of Cell and Developmental Biology, The University of Michigan School of Medicine, 
Ann Arbor, Michigan, USA 

department of Pathology, The University of Michigan School of Medicine, University Hospital, 
Ann Arbor, Michigan, USA 

department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas, 
USA 

Abstract 

We developed a combined conditional cytotoxic, i.e., herpes simplex type 1 -thymidine kinase 
(TK), plus immune-stimulatory, i.e., fms-like tyrosine kinase ligand-3-mediated gene therapy for 
glioblastoma multiforme (GBM). Therapeutic transgenes were encoded within high-capacity 
adenoviral vectors (HC-Ad); TK was expressed constitutively, while Flt3L was under the control 
of the TetOn regulatable promoter. We previously assessed efficacy and safety in intracranial 
GBM rodent models. But, since this approach involves expression of a cytokine within the brain, 
we chose the nonhuman primate, i.e., Callithrix jaccus (marmoset) as it has been established that 
its immune response shares similarities with man. We characterized the safety, cell-type specific 
expression, and doxycycline (DOX)-inducibility of HC-Ad-TetOn-Flt3L delivered within the 
striatum. We used allometrically scaled DOX doses delivered orally, twice daily for one month, 
mimicking the route and duration of DOX administration planned for the GBM trial. FK3L was 
effectively expressed within astrocytes, microglia, oligodendrocytes, and neurons. No evidence of 
brain or systemic toxicities due to the treatment was encountered. Our data indicate that DOX 
doses equivalent to those used in humans to treat infections can be safely used "off-label" to turn 
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"on" therapeutic gene expression from HC-Ad-TetOn-Flt3L; providing evidence for the safety of 
this approach in the clinic. 



INTRODUCTION 

The implementation of gene therapy strategies in the clinic requires stringent efficacy and 
safety assessment in preclinical animal models. Rodent models have been utilized to 
evaluate cytokine-mediated gene therapy approaches (reviewed in ref. 1), yet, these models 
may not predict outcomes in humans. Nonhuman primates have emerged as attractive 
models from the perspective of their pathological and pharmacokinetic responses. To this 
end, we have utilized the small New World, nonhuman primate, Callithrix jacchus 
(marmoset), which has the following useful characteristics: it is small; easy to breed and 
handle; they are available from inbred colonies, thus diminishing risk of transmitting 
infections to humans; and their immune system shares many similarities to man, making it 
an optimal model to test cytokine-mediated gene therapies. 2 Marmosets have been used 
successfully to study the effects of human interleukin (IL)-6, 3 IL-2, and IL-4. 4 These studies 
have demonstrated that marmosets can be used to model the human immune system and its 
response to human cytokines. Therefore, we estimated that it would be the optimum 
preclinical model to evaluate the effects of expressing the human cytokine, Flt3L within the 
central nervous system; assessing its actions both locally and systemically as a prelude of 
the implementation of this strategy for the treatment of glioblastoma multiforme (GBM) in 
humans. 

GBM is a commonly occurring and aggressive primary brain tumor, accounting for half of 
all brain tumors in adults. 5 GBM is genetically heterogeneous, involving genes important for 
cell cycle regulation, growth and proliferation, cell invasion, and angiogenesis. 6 The 
invasion of GBM cells prevents total resection, leading to tumor recurrence. 6 The standard 
of care, including resection, radiotherapy, and chemotherapy, achieves a median survival of 
-14 months. 7 Thus, there is a need for the development and implementation of novel 
therapies. Adenovirus-mediated gene transfer presents a relatively novel therapeutic strategy 
for GBM, with only a handful of early clinical trials published. Strategies for treating glioma 
using adenoviral gene therapy have included cytokines, tumor suppressors, and conditional- 
cytotoxic genes. 1 Cytotoxic gene therapy using herpes simplex virus type 1 -thymidine 
kinase (TK) with ganciclovir or valaciclovir administration is the most common strategy. To 
date, however, clinical trials testing this approach have not shown significant improvement 
in patient survival, although the treatments have demonstrated good safety profiles. 8-13 

Our laboratory has developed a novel high-capacity adenovirus (HC-Ad)-based gene 
therapy for GBM. 14,15 This therapy consists of a combined cytotoxic and immune- 
stimulatory strategy comprising two separate HC-Ads. The conditional cytotoxic vector 
(HC-Ad-TK) constitutively expresses TK to selectively kill proliferating tumor cells upon 
addition of ganciclovir or valaciclovir. 9 ' 14,16 The immune-stimulatory vector (HC-Ad- 
TetOn-Flt3L) expresses the cytokine fms-like tyrosine kinase ligand 3 (Flt3L) under the 
control of the doxycycline (DOX)-inducible rtTA2sM2/tTSkid promoter system. 9 ' 14,17,18 
Flt3L mediates the recruitment of dendritic cells to the brain tumor microenvironment, 
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where tumor antigens and the damage associated molecule high-mobility group protein Bl, 

released via TK/prodrug-mediated cytotoxicity, trigger specific anti-GBM immunity and 

CD8 + T-cell-dependent tumor cell killing, leading to long-term survival in rodent models of 
GBM , 14,19-23 

For expression of FK3L from the HC-Ad-TetOn-Flt3L vector, DOX, a common tetracycline 
antibiotic, is administered systemically. In the clinic, GBM patients receiving HC-Ad- 
TetOn-Flt3L as part of the combined therapy will be administered DOX orally to activate 
Flt3L transcription. This will be an "off-label" use of DOX, as it is currently only approved 
by the US Food and Drug Administration (FDA) to treat infections in humans. 24 Thus, it is 
important to determine the amount of DOX required to turn "on" Flt3L expression from HC- 
Ad-TetOn-Flt3L in the central nervous system. This would be the first use of DOX to 
activate gene expression with therapeutic intent in humans. We have previously 
demonstrated robust Flt3L expression after intrastriatal injection of 1 x 10 9 viral particles 
(vp) of HC-Ad-TetOn-Flt3L in Lewis rats with oral DOX doses allometrically equivalent to 
human doses of 200 and 300 mg/day. 25 In this report, we have investigated the effectiveness 
and safety of 1 x 10 9 vp HC-Ad-TetOn-Flt3L with a one-month administration of DOX to 
turn "on" Flt3L expression in the nonhuman primate C. jacchus (marmoset), which offers 
genetic 26 ' 27 and immunological characteristics 4 - 28 ' 29 similar to humans and has been 
previously used in immunological and gene therapy studies. 2 In line with what is proposed 
for the clinical trial, DOX was administered orally twice a day for 1 month at 13.2 
mg/kg/day (low-DOX) or 19.8 mg/kg/day (high-DOX). These doses are allometrically 
equivalent to 200 and 300 mg/day in humans. 30 Our results in marmosets demonstrated that 
FK3L was expressed at both DOX doses and that treatment was not associated with local or 
systemic toxicity. Double -labeling immunofluorescence showed FK3L colocalization with 
astrocytes, microglia, olidendroglia, and neurons. These data support the use of either 200 or 
300 mg DOX/day for the activation of Flt3L expression in human GBM patients enrolled in 
a phase 1 clinical trial using the HC-Ad-TK + HC-Ad-TetOn-Flt3L vectors. 



RESULTS 

The main objective of this study was to evaluate whether allometrically scaled doses of 
DOX activate Flt3L gene expression from HC-Ad-TetOn-Flt3L in the marmoset brain; the 
second objective of this study was to evaluate its safety after chronic administration of DOX 
orally for 1 month. The study design was as follows: intrastriatal injection of 1 x 10 9 vp of 
HC-Ad-TetOn-Flt3L into naive brain (see Figure la for intrastriatal coordinates) on day 0; 
oral administration of 13.2 mg/kg/day (low-DOX) or 19.8 mg/kg/day (high-DOX) of DOX 
from day 2 until day 28. Blood was drawn on day 0 (presurgery), 7, 21, and 28 for complete 
blood counts (CBC) and serum chemistry. On day 28, animals were euthanized via 
transcardial perfusion and fixation; brains were collected for the analysis of Flt3L 
expression and neuropathology, liver and kidneys were collected for pathology, and plasma 
was collected for neutralizing antibody titer determination. A schematic of the study design 
is shown in Figure la. 
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DOX-mediated Flt3L expression within the central nervous system in nonhuman primates 

Because the proposed gene therapeutic strategy depends on the DOX-mediated expression 
of Flt3L encoded within HC-Ad-TetOn-Flt3L, we assessed Flt3L expression within the 
brain 1 month after vector delivery and DOX treatment. To this end, we performed 
immunohistochemistry on free-floating brain sections. As shown in Figure lb,c, Flt3L 
expression was observed in both the low-DOX and the high-DOX groups, suggesting that 
the allometrically equivalent human doses, i.e., 200 or 300 mg/day orally delivered, will 
able to activate Flt3L expression encoded within the regulatable HC-Ad vector after delivery 
into the striatum. 

To assess the identity of cells expressing Flt3L after induction with DOX, we performed 
double-labeling immunofluorescence. Figure 2a-d shows colabeling of astrocytes (glial 
fibrillary acidic protein (GFAP) positive) and Flt3L expressing cells. Another glial cell-type 
— microglia — revealed coexpression for IBA1 (ionized calcium-binding adapter molecule; 
upregulated in activated microglia) and Flt3L (Figure 2e-h). Oligodendrocytes (01ig2 
immunoreactive cells) were also found to be infected and express Flt3L, as evidenced in 
Figure 21—1. Finally, neurons were also transduced by the inducible HC-Ad vector, and 
expression of Flt3L was confirmed via immunohistochemistry using antibodies specific for 
Flt3L and MAP2, a common microtubule marker for the neuronal cytoskeleton (Figure 2m- 

P). 

Neuropathology analysis 

Due to the fact that gene therapy vectors will be delivered into the tumor bed after surgical 
resection of the tumor mass, it is important to evaluate the effects of vector delivery into 
normal brain parenchyma. Thus, to investigate the effects of HC-Ad-TetOn-Flt3L injection 
and DOX administration on the architecture and immune cellular infiltrates within the brain, 
we performed a detailed neuropathology analysis of brain sections 28 days postinjection 
(Figures 3 and 4; Supplementary Figures SI and S2). 

In the high-DOX group, Nissl (Figure 3a-c) showed no gross tissue abnormalities. Staining 
for neuronal cell bodies (NeuN, Figure 3d-f), dopaminergic nerve terminals (tyrosine 
hydroxylase; Figure 3g-i), and myelin (myelin basic protein; Figure 3j-l) showed decreased 
intensity over the needle track but no large-scale defects. Staining for astrocytes (GFAP; 
Figure 3m-o) and activated oligoendrocytes (01ig2; Figure 3p-r) demonstrated increased 
staining near the injection site. CD3 + (Figure 4a-c), CD8 + (Figure 4d-f), and IBA1 + 
(activated macrophages and microglia; Figure 4g-i) cells were found near the injection site 
in the high-DOX group. 

In the low-DOX group, Nissl (Supplementary Figure Sla-c), NeuN, (Supplementary Figure 
Sld-f). Tyrosine hydroxylase (Supplementary Figure Slg-i) and myelin basic protein 
(Supplementary Figure Slj-1) staining demonstrated largely unaffected architecture, with 
some disturbances observed over the needle track. GFAP staining showed areas of astrocyte 
activation restricted to the needle tract (GFAP; Supplementary Figure Slm-o), and 01ig2 
staining was also evident near the injection site (01ig2; Supplementary Figure Slp-r). 
Immunostaining for CD3 + (Supplementary Figure S2a-c), CD8 + (Supplementary Figure 
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S2d-f), and IBA1 + (Supplementary Figure S2g-i) showed cellular infiltration near the 
injection site. 

Pathology of liver and kidney 

DOX is excreted through the kidneys, and the liver is a potential site for DOX 
metabolism 31 ; therefore, we looked for pathology in these two organs. Histologic analysis of 
hematoxylin and eosin-stained liver and kidney tissue was performed on treated and saline- 
injected control animals (Figure 5). With the exception of two low-DOX animals that had 
extramedullary hematopoiesis in some parts of the liver (Supplementary Figure S3), each of 
the four lobes of the liver showed normal hepatocytes with no inflammation in either the 
control or DOX-treated groups (Figure 5a-c). Extramedullary hematopoiesis is a common 
finding affecting -46.5% of marmosets held in captivity. 32-34 Analysis of the kidneys 
showed significant variation in the control group and both DOX-treated groups, with areas 
of very mild inflammation in each group (Figure 5d-f), and areas of intense inflammation 
also present in each group (Figure 5g-i). Inflammation of the kidneys is also a common 
finding, affecting -78.5% of captive marmosets. 32 These results indicate that the HC-Ad- 
TetOn-Flt3/DOX treatment did not adversely affect the liver or kidneys. 

Analysis of clinical laboratory parameters 

To evaluate any potential systemic toxicity, we measured several clinical parameters in 
whole blood and serum (Figure 6). The hematocrit (Figure 6a) and white blood cell (Figure 
6b) counts were typically within the normal range for marmosets in both groups. Normal 
liver function was confirmed by analyzing alanine aminotransferase (Figure 6c), alkaline 
phosphatase (Figure 6d), and albumin (Figure 6e), and the kidney marker blood urea 
nitrogen (Figure 6f) was within normal range 35,36 in both groups. In both groups, 
neutrophils, leukocytes, and eosinophils were within the normal range for marmosets 
(Supplementary Table SI). Monocyte and basophil counts reached higher than normal levels 
at 7 and 21 days postinjection but returned to normal levels 28 days postinjection 
(Supplementary Table SI). The overall safety of the HC-Ad-TetOn-Flt3L vector in both the 
low-DOX and high-DOX groups was consistent with our previous studies. 14 ' 15 

Circulating neutralizing antiadenovirus antibodies 

It has been demonstrated that the presence of circulating antiadenovirus antibodies can 
hamper adenovirus-mediated transgene expression and therapeutic efficacy. 37 Antibody 
titers between 8 and 32 were considered low, and titers at or above 128 were considered 
high. 38 ' 39 As shown in Figure 7, our results demonstrate that plasma levels of antiadenovirus 
neutralizing antibodies in both the low-DOX and the high-DOX groups were similar to those 
found in the saline -injection control group at all-time points except at day 28, where the 
mean titer of the high-DOX group was found to be higher than that of the saline group 
(Rruskall-Wallis test; P < 0.05). Titers from all groups at all-time points were below the 
high-titer threshold of 128. 
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DOX concentration in the plasma 

Analysis of marmoset plasma after 1 month of DOX administration showed a DOX 
concentration in the high-DOX-treated group of 2.36 mg/1 ± 0.223 (mean + SEM). A DOX 
concentration of 2.54 mg/1 + 0.296 was found in the low-DOX-treated group 
(Supplementary Table S2). These data suggest that the plasma DOX concentration in 
marmosets can reach therapeutic levels with doses currently approved for use in humans. 
Product labeling for Monodox and Vibramycin DOX capsules indicate that plasma 
concentrations reach a peak of ~3 mg/1 in healthy humans 2-3 hours after a single 200 mg 
oral dose. 

DISCUSSION 

Our previous safety and efficacy studies with the combined HC-Ad-TK + HC-Ad-TetOn- 
Flt3L therapy have used the Lewis rat as a model system. 14,15 For an assessment in an 
animal model with an immune system closer to humans, we chose the marmoset as a non- 
human primate model. The marmoset is a useful animal model for its relative ease of 
husbandry as well as its genetic 26,27 and immunological 4 ' 28 ' 29 similarity to humans. It has 
been used a model system to study viral infections, 40-42 neurological disease, 43,44 age- 
related disease, 45 and gene therapy. 2 Therefore, prior to initiating a phase 1 clinical trial in 
human patients with GBM, we examined transgene expression and overall safety of 
intracranial delivery HC-Ad-TetOn-Flt3L in naive marmosets. 

We have developed a novel HC-Ad-based gene therapy for GBM 14,15 that overcomes some 
potential toxicities of adenovirus-mediated gene therapy by eliminating all Ad genes 
encoding for proteins that are required for viral replication. This greatly reduces the immune 
response to the vector, thus increasing safety and allowing long-term transgene 
expression. 46 Further, in order to insert an added level of control within this therapeutic 
delivery platform, the expression of the Flt3L gene was placed under the control of a DOX- 
regulated promoter. In the clinic, DOX, a common tetracycline antibiotic, will be 
administered orally to "turn on" Flt3L expression, and, if desired, Flt3L gene transcription 
can be stopped by ceasing DOX administration. The use of DOX to activate therapeutic 
gene transcription has not been previously approved by the FDA and therefore constitutes an 
"off-label" use of DOX. Currently, DOX is approved by the FDA solely for bacterial 
infections. Thus, it was important to determine the amount of DOX required to "turn on" 
Flt3L expression from HC-Ad-TetOn-Flt3L using DOX doses allometrically equivalent to 
those used in humans, as the phase 1 trial for the combined HC-Ad therapy will be the first 
time DOX is used to activate gene expression with therapeutic intent in humans. We have 
previously demonstrated robust FK3L expression after intrastriatal injection of 1 x 10 9 vp of 
HC-Ad-TetOn-Flt3L in Lewis rats and oral DOX doses allometrically equivalent to human 
doses of 200 and 300 mg/day. 25 

This study examined Flt3L gene expression from the HC-Ad-TetOn-Flt3L vector after an 
intrastriatal injection of 1 x 10 9 vp in an animal model that exhibits immunological 
responses to cytokines similar to man. 3,4 For activation of transgene expression from the 
TetOn promoter system, we orally administered DOX twice a day for 1 month at either 13.2 
mg/kg/day (low-DOX) or 19.8 mg/kg/day (high-DOX). This dosing regime was similar to 
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that planned for the phase 1 clinical trial, and the doses were allometrically equivalent to 
200 and 300 mg/day in humans. 30 Flt3L exhibited robust expression in both the low-DOX 
and high-DOX groups, within astrocytes, microglia, oligodendroglia, and neurons. The 
average plasma DOX concentration measured from blood drawn shortly after oral DOX 
administration was 2.54 and 2.36 mg/1 in the low-DOX and high-DOX animals, 
respectively. These plasma concentrations are similar to those observed in humans 2-3 
hours after a single oral dose of 200 mg DOX in healthy adults, with peak serum 
concentrations of 2.6 mg/1 (Vibramycin) and 3.61 mg/1 (Monodox). The doses of 200 and 
300 mg/day were chosen because these doses are FDA approved for severe infections with a 
number of different bacterial species (DRUGDEX, Monodox, Vibramycin). Therefore, we 
believe that either the 200 or 300 mg/day DOX doses would be acceptable for "off -label" 
use in a phase 1 GBM clinical trial. 

With respect to safety, we found that intracranial HC-Ad-TetOn-Flt3L injection with oral 
DOX administration was not associated with local or systemic toxicity. Local toxicity in the 
brain was examined using immunohistochemistry, and no overt abnormalities were 
observed. Histological examination of the liver and kidneys, potential sites for toxicity 
relating to DOX metabolism, did show notable kidney inflammation in some animals, in all 
of the experimental groups, including the control group. However, because renal 
inflammation is a common spontaneous health issue in marmosets held in captivity, and 
because kidney inflammation was seen in the control group as well as the experimental 
groups, we do not believe this inflammation to be a result of the HC-Ad-TetOn-Flt3L/DOX 
treatment. Inflammation of the kidneys is very common in marmosets housed in captivity; 
more than three quarters of all captive marmosets exhibit inflammation within the kidneys. 32 
The assessment of systemic and hematologic toxicity with CBC and serum chemistry 
analysis showed no alterations indicative of toxicity when compared to reference ranges 
from other works 35,36 or to the presurgery values within both the low-DOX and high-DOX 
groups. Neutralizing antibody titers were low at all-time points, although one animal in the 
high-DOX group exhibited a positive titer of 128 at day 28 which could be due to injection 
of the vector into the third ventricle. This would in turn elicit circulating anti-Ad antibodies. 
Overall, these results support the conclusion that the treatment is safe, both locally and 
systemically. 

In conclusion, given our data in rats 25 and marmosets related to the efficacy and safety of 
allometric DOX doses to activate Flt3L expression, we conclude that either one of these 
doses will prove to be safe for use in the proposed HC-Ad-TK + HC-Ad-TetOn-Flt3L- 
mediated phase 1 clinical trial for GBM. These data form an important aspect of 
experimental evidence which will be submitted to the FDA in support of an IND application. 
Taking into account that the proposed strategy involves the expression of a human cytokine 
(Flt3L) within the brain, the use of marmosets adds significance to the safety profile of this 
strategy. Marmosets have been shown to exhibit an immune system and a response to 
cytokines which share many similarities to man, 3,4 thus they constitute an invaluable 
preclinical model with better predictive value than rodent models in relation to the safety of 
immune-mediated gene therapy strategies. 
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MATERIALS AND METHODS 

Animals 

Marmosets were obtained from the University of Texas Primate Center. Animals were pair- 
housed, and husbandry and veterinary services were provided by the University of Michigan 
Unit for Laboratory Animal Medicine. The study protocol was approved by the University 
of Michigan Unit for Laboratory Animal Medicine and the Institutional Review Board. 

DOX administration 

DOX was administered at 13.2 or 19.8 mg/kg/day, divided into two doses. Powdered DOX 
was purchased from Sigma- Aldrich (St Louis, MO, Cat# D9891), dissolved in deionized 
water, and administered orally with Ensure (Abbot Laboratories, Abbott Park, IL, Cat# 
57231). DOX solution was prepared fresh weekly. The marmoset doses were found by 
dividing the human dose by a human weight of 45.45 kg, then multiplying by the allometric 
conversion factor of 3. 30 For example, a human dose of 200 mg DOX per day is thus (200 
mg/day -f 45.45 kg) x 3 = 13.2 mg/kg/day in the marmoset. Similarly, a 300 mg/day human 
dose is equivalent to a 19.8 mg/kg/day marmoset dose. 

Blood draws 

Animals were restrained using a custom-made restraint device to isolate one hind limb of the 
animal for blood draws. Blood was drawn from the femoral vein with a 26-gauge needle 
(BD Medical, Franklin Lakes, NJ, Cat# 305111) and a 1-ml syringe (BD Medical, Franklin 
Lakes, NJ, Cat# 309656) and placed immediately in an ethylenediaminetetraacetic acid tube 
(BD Medical, Cat# 367842) for CBC or plasma isolation or in a serum separation tube 
(Sarstedt, Newton, NC, Cat# 41 1378005). 

Surgery 

Anesthesia was initiated with an intramuscular injection of 20 mg/kg ketamine (Fort Dodge 
Animal Health, Overland Park, KS, Cat# NDC 59390-198-50). An endotracheal tube with 
0.5-3% isoflurane (MWI Supply, Boise, ID, Cat# 502017) was used to maintain the animal 
under anesthesia. The animal was placed on a heating pad and secured into a stereotactic 
frame (Stoelting, Wood Dale, IL, Cat# 51600). Heart rate, respiration, and temperature were 
monitored throughout the procedure using a SurgiVet Advisor (Smiths Medical, Dublin, 
OH). Under sterile conditions, a midline incision over the skull was made, and two burr 
holes were drilled through the cranium at the two injection sites. 2.5 x 10 8 vp of HC-Ad- 
TetOn-Ftl3L were injected by Hamilton syringe (Hamilton, Reno, NV, Cat# 7635-01) at 
four sites in the brain, for a total of 1 x 10 9 vp. The four stereotactic injection sites, with 
respect to the bregma, were 5.0 mm anterior, 6.0 mm lateral, 8.0 ventral; 5.0 mm anterior, 
6.0 mm lateral, 6.0 mm ventral; 5.0 mm anterior, 8.0 mm lateral, 8.0 mm ventral; and 5.0 
mm anterior, 8.0 mm lateral, 6.0 mm ventral. At each site, the vector was slowly injected 
over a period of 2 minutes, with a 3-minute waiting period between each injection. 
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Fixation and sectioning 

Perfusion and fixation of tissues was performed as previously described. 47 Brains were 
postfixed for 2 days in 4% paraformaldehyde prior to sectioning on a Leica VT 1000S 
(Buffalo Grove, IL) vibratome at 50 um. The liver and kidneys were postfixed for 2 days in 
4% paraformaldehyde prior to dehydration on a Leica ASP 300 processor, embedded on a 
Tissue-Tek embedding station, and sectioned on a Leica RM 2135 microtome at 5 um. Liver 
and kidney sections were stained with hematoxylin and eosin. 

3,3-Diaminobenzidine-peroxidase immunohistochemistry and Nissl staining 

Free-floating brain sections were stained using the 3,3'-diaminobenzidine-peroxidase 
method forNeuN (1:1,000; Chemicon/Millipore, Billerica, MA, Cat# MAB337), tyrosine 
hydroxylase (1:5,000; Calbiochem/Millipore, Cat# 657012), myelin basic protein (1:1,000; 
Chemicon, Cat# MAB1580), GFAP (1:1,000; Chemicon, Cat# AB5804), 01ig2 (1:500; 
Santa Cruz Biotechnology, Dallas, TX, Cat# SC19969), CD3 (Ventana, Tucson, AZ, Cat# 
7904341), CD8 (Ventana, Cat# 7904460), IBA1 (1:1,000; Wako, Richmond, VA, Cat# 
01919741), and Flt3L (1:1,000; Rabbit polycloncal, custom made) as previously 
described. 47 Nissl staining was performed also as described. 47 

Immunofluorescence colabeling experiments 

Free-floating colabeling immunofluorescence was performed as described elsewhere 16,48,49 
to determine the identity of cells transduced by the HC-Ad-TetOn-Flt3L and turned "on" by 
DOX to express Flt3L. Briefly, to identify reactive astrocytes expressing Flt3L, we used a 
mouse anti-GFAP antibody (1:250; Cell Signaling, Danvers, MA, Cat# 3670) in 
combination with a rabbit anti-FK3L antibody (1:1,000; custom made). Primary antibodies 
were detected using goat anti-mouse Alexa-Fluor 546 (1:1,000; Molecular Probes/Life 
Technologies, Grand Island, NY) for GFAP and goat anti-rabbit Alexa-Fluor 488 (1:1,000; 
Molecular Probes) for Flt3L. To identify activated microglia and macrophages expressing 
Flt3L, we used a goat anti-IBAl antibody (1:1,000; Abeam, Cambridge, MA, Cat# 
ab 107 159) in combination with the rabbit anti-FK3L antibody. Primary antibodies were 
detected using chicken anti-goat Alexa-Fluor 488 (1:1,000; Molecular Probes) for IBA1 and 
chicken anti -rabbit Alexa-Fluor 546 (1:1,000; Molecular Probes) for Flt3L. To identify 
oligodendrocytes expressing Flt3L, we used a goat anti-OHg2 antibody (1:500; Santa Cruz, 
Dallas, TX, Cat# SC-19969) in combination with the rabbit anti-Flt3L antibody. Primary 
antibodies were detected using chicken antigoat Alexa Fluor 488 (1:1,000; Molecular 
Probes) for 01ig2 and goat anti -rabbit Alexa Fluor 546 (1:1,000; Molecular Probes) for 
FK3L. To identify neurons expressing Flt3L, we used a chicken anti-MAP2 antibody 
(1:10,000; Abeam, Cat# ab5392) for neuron-specific cytoskeletal proteins, in combination 
with the rabbit anti-Flt3L antibody. Primary antibodies were detected using goat anti- 
chicken Alexa-Fluor 594 (1:1,000; Molecular Probes) for MAP2 and goat anti -rabbit Alexa- 
Fluor 488 (1:1,000; Molecular Probes) for FK3L. Confocal images were taken using a Leica 
DMIRE2 microscope with a x40 oil objective with additional x4 magnification using Leica 
confocal software. Confocal images of each section were taken at a 0.5 um thick resolution 
and were overlaid to produce merged images. 
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Neutralizing antiadenovirus antibody assay 

The levels of adenovirus-specific neutralizing antibodies were assessed as described 
previously (see ref. 14,47; see Supplementary Materials and Methods). 

DOX plasma concentration 

DOX plasma determination was performed by the University of Michigan Pharmacokinetics 
Core. Briefly, one volume of plasma was mixed with one volume of methanol, then with 
three volumes of acetonitrile prior to liquid chromatography-tandem mass spectrometry 
analysis with a Shimadzu LC-20AD liquid chromatograph (Columbia, MD) and an AB 
SCIEX QTRAP 5500 dual-mass spectrophotometer (Framingham, MA). Samples were run 
with a tetracycline internal standard, and the DOX concentration was calculated using a 
DOX standard curve. 

CBC and serum chemistry 

CBC was performed on an IDEXX Procyte Dx Hematology Analyzer (Westbrook, ME) 
within 15 minutes of blood draw according to the manufacturer's instructions. Serum 
chemistry was performed on an IDEXX VetTest 8008 Chemistry Analyzer according to the 
manufacturer's instructions. 

Supplementary Material 

Refer to Web version on PubMed Central for supplementary material. 
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3 Experimental design: doxycycline treatment 
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Figure 1. 

Determination of an effective dose of doxycycline (DOX) to turn on Flt3L expression in the 
brain encoded HC-Ad-TetOn-Flt3L. (a) Diagram of experimental design used. On day 0, 2.5 
x 10 8 viral particles (vp) of HC-Ad-TetOn-Ftl3L was delivered at four sites within the 
striatum (total of 1 x 10 9 vp). From bregma, the four injection sites were (i) 5.0 mm anterior, 
6.0 mm lateral, 8.0 ventral; (ii) 5.0 mm anterior, 6.0 mm lateral, 6.0 mm ventral; (iii) 5.0 
mm anterior, 8.0 mm lateral, 8.0 mm ventral; and (iv) 5.0 mm anterior, 8.0 mm lateral, 6.0 
mm ventral. DOX was orally administered twice daily, from day 2 through day 28. The low- 
DOX group received 13.20 mg/kg/day while the high-DOX group received 19.80 mg/kg/ 
day. Brain, liver, kidney, blood, serum, and plasma were collected on day 28 for 
immunohistochemistry, histopathology, hematology and chemistry, antibody titer, and DOX 
concentration. Blood and serum were also collected on day 0 (presurgery), day 7, and day 21 
for total blood cell counts and serum chemistry. Brains were processed for 
immunocytochemistry using primary antibodies against Flt3L to detect expression of the 
therapeutic transgene. Flt3L expression at (b) the low-DOX dose of 13.20 mg/kg/day and (c) 
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the high-DOX dose of 19.80 mg/kg/day is shown within the striatum of all HC-Ad-injected 
animals. Scale bar: 1,000 um for full brain sections, 100 um for xlO images, and 20 um for 
x40 images. 
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Figure 2. 

Double-labeling immunofluorescence of cells transduced with HC-Ad-TetOn-Flt3L in the 
marmoset brain. Cell type specific expression of Flt3L within the marmoset brain was 
assessed using double-labeling immunofluorescence. All glial cell subtypes were shown to 
express the Flt3L transgene, as evidenced by coexpression within (a-d) GFAP + astrocytes, 
(e-h) IBA1 + microglia, (i-1) and 01ig-2 + oligodendrocytes. Additionally, neurons were also 
shown to coexpress MAP2 and Flt3L (m-p). Scale bars represent 20 um. 
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Figure 3. 

Neuropathology assessment in the marmoset brain on day 28 after high-capacity adenoviral 
vectors (HC-Ad) delivery and high-doxycycline treatment. Architectural integrity of the 
brain was demonstrated with Nissl staining (a-c). No neuropathology was observed, as 
assessed using immunohistochemical stains for NeuN (neuronal bodies, d-f); tyrosine 
hydroxylase (dopaminergic fibers, g-i); myelin basic protein (oligodendrocytes and myelin 
sheaths, j-1); glial fibrillary acidic protein (astrocytes, m-o); and 01ig2 (proliferating 
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oligodendrocytes, p-r). Scale bar: 1,000 um for full brain sections, 100 um for xlO images, 
and 20 um for x40 images. 
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Figure 4. 

Immune cell infiltration examination in the marmoset brain on day 28 after high-capacity 
adenoviral vectors (HC-Ad) delivery and high-doxycycline treatment. Immunohistochemical 
staining was performed to identify (a-c) CD3 + T cells, (d-f) CD8 + T cells; microglia and 
activated macrophages (IBA1, f-i). Immunorective cells for all markers were identified at 
the site of injection. Scale bar: 1,000 pm for full brain sections, 100 um for x 10 images and 
20 um for x40 images. 
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Figure 5. 

Histology of the liver and kidney. The livers and kidneys of control and experimental 
marmosets were analyzed with hematoxylin and eosin staining. The livers of the control 
animals, low-doxycycline (DOX), and high-DOX-treated animals exhibited no 
inflammation and had normal hepatocytes throughout the tissue (a-c, indicated by arrows). 
The kidneys of control, low-DOX, and high-DOX animals exhibited varying degrees of 
inflammation, from little to no inflammation (d-f), to high inflammation (g-i, indicated by 
arrows). 
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Figure 6. 

Hematology and serum chemistry. Blood and serum samples were drawn before surgery on 
day 0 and on day 7, 21, and 28 to assess clinical parameters. White blood cells, hematocrit, 
alanine aminotransferase, alkaline phosphatase, albumin, and blood urea nitrogen are shown, 
with a more complete panel shown in Supplementary Table S 1 . In both the low-doxycycline 
(DOX) and high-DOX groups, values for each parameter typically fell within normal ranges 
at each time point, with individual animals exhibiting some variations within all groups. 
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Figure 7. 

Antiadenovirus neutralizing antibodies in the plasma of high-capacity adenoviral vectors 
(HC-Ad)-treated marmosets. Plasma was collected on days 0, 7, 21, and 28 for testing. No 
significant differences were found between the saline group and either doxycycline (DOX) 
dose group (Kruskall-Wallis test, P > 0.05), with the exception of the high-DOX group on 
day 28, when statistical significance was found when comparing the saline-treated group 
with the high-DOX-treated group (P < 0.05). 
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